In a three-guide coupler with multimode central waveguide more than two modes of the entire structure participate in the coupling between the outer waveguides. Using a three mode approximation we found simple conditions for complete power transfer between the outer waveguides: the device length has to match certain multiples of the conventionally defined coupling length. The specific form of the relevant modes allows to design a magnetooptic isolator or circulator with significantly reduced device length (as compared to the conventional nonreciprocal coupler). The performance of the proposed devices is simulated by propagating mode calculations. Estimates for admissible fabrication tolerances for the layer thicknesses are presented.
Introduction
Magnetic garnets are promising materials for the realization of nonreciprocal integrated optical components (such as isolators and circulators) in the near infrared [1, 2] . Unfortunately, thin garnet films also show undesirably high optical losses [3] . For the available materials with their limited Faraday rotation design concepts have to be developed which aim at very short device lengths.
Recent proposals are based on the nonreciprocal phase shift in magnetooptic waveguides [4, 5, 6] . In a nonreciprocal coupler, the difference of the mode interference patterns in forward and backward directions is used for separating the counterpropagating waves. The main problem of this concept is the requirement to have strongly coupled, but spatially well separated optical channels. Recently we proposed to use a three-waveguide coupler (so-called radiatively coupled waveguides) to overcome this dilemma [7] . In this paper we investigate such a system in detail, focusing at the regime where mainly three modes participate in the coupling process. We show that it is possible to design an integrated optical circulator with remarkable characteristics.
Three-guide structures have been investigated by means of coupled mode theory [8] , as a system of two leaky waveguides [9, 10] , or as multilayered waveguides [11, 12, 13] . This work is based on the latter approach. Depending on the thickness of the central waveguide, mainly two or three modes determine the coupling between the outer waveguides. As for the conventional two-waveguide coupler, a characteristic coupling length can be defined. The power transferred between the outer waveguides exhibits maxima and minima if the device length is chosen as a multiple of the coupling length provided that additional conditions on the propagation constants are satisfied.
These considerations are presented in section 2. In section 3 the concept of the nonreciprocal coupler [14] is applied to radiatively coupled waveguides. The special form of the relevant modes can be used for an optimization of the nonreciprocal phase shift to obtain a small device length. In particular, the case with three relevant modes turns out to be interesting. Section 4 reports on numerical calculations, section 5 contains some remarks for a realization in rib waveguide form .
2 Three-guide coupler with multimode central waveguide Fig. 1 shows a cross section of the planar structures discussed in this paper. Each of the two identical outer waveguides supports only one mode with propagation constant 6 £ 7
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and polarization state (TE or TM). To achieve remote coupling between the outer waveguides, . Their contribution to the total power transmission is w d e t x f X 9 y { i g
For the structures discussed here,
turns out to be always larger than 0.9 (see Fig. 4 ). 0 of the three most exited modes, (c): power transferred by the two most exited modes. In the neighbourhood of the maxima of curve (c) the coupling behaviour can be described approximately by the interference of two modes. Next to the maxima of curve (b) at least three modes have to be taken into account. We call these regions for the two or three mode regime, respectively. Note that the power contribution of three modes in the three mode regime is larger than the contribution of two modes in the two mode regime.
Admittedly, the three mode approximation is somewhat crude. To obtain better results, more or all guided modes should be taken into account. However, for the purpose of finding promising points in a multidimensional parameter space, this 'three closest mode' approximation serves quite well, and we will elaborate it further.
Because of the symmetry of the entire structure and with the subsequent selection of propagation constants, 
6
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Obviously, the conditions for the transmission to be complete -
Likewise the transmission vanishes -
hold. In both cases¯and s must be nonnegative integer numbers. Recall that (5) and (6) refer to the 'three closest modes' approximation. Parameters determined in this manner may serve as starting values for an optimization procedure which takes all modes into account.
The transferred power is minimal or maximal if the device length is an odd or even multiple of t m ª , respectively. In contrast to the superposition of only two modes, the propagation constants must additionally satisfy the conditions (5) and (6) (5) and (6) loose their significance, and maximum or minimum power transfer occurs at each multiple of the coupling length. This situation was investigated in Ref. [10] .
Variation of the parameter 
Magnetooptic layers
We will now assume that one or more layers have a linear magnetooptic effect. If the static magnetization is adjusted in the film plane and points perpendicular to the direction of propagation (transverse configuration, [14, 15] ), the corresponding dielectric tensor The off-diagonal elements are related to the specific Faraday constant
. Scalar equations for TE and TM polarized modes may be derived just as for isotropic media. In first order, · does not affect the propagation of TE polarized light, so our further analysis concentrates on TM modes.
It is well known that the time reversal transformation
is a symmetry of Maxwell's equations (using common notation). A wave propagating in the forward direction becomes a backward travelling wave with otherwise identical properties (reciprocity theorem). In a medium with linear magnetooptic effect, the static magnetization must change sign as well for the reciprocity theorem to hold. Since this is not the case, magnetooptic devices may exhibit nonreciprocal effects.
Our structure is mirror symmetric with respect to the f °9 0 plane. Its transmission properties can be studied by coupling light into the first waveguide only. Likewise, reversing the sign of the imaginary nondiagonal permittivity entry i· in all magnetooptic layers simulates reversal of the direction of propagation.
The waveguides may be investigated as multilayer structures with gyrotropic layers. Mode propagation constants and fields differ for opposite directions of propagation. These differences may be calculated by subtracting solutions for opposite · or by perturbation theory [16] , resulting in the following expression. 
denotes the boundaries of the piecewise constant permittivity profile:
If the layers of radiatively coupled waveguides are made of magnetooptic material, usually the coupling lenghts t Õ ª 9 u A " B can be adjusted such that
holds for a positive integer number
If Û is even and light is injected at port A, it will leave the device at port B (see Fig. 1 ); if light is injected at port B, it will leave the device at port D. Likewise, if Û is odd and light is injected at port A, it will leave the device at port C; if injected at C, it will leave at D. 
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can be further reduced if the outer waveguides are built from double magnetooptic layers as well. In this case the two layers must be ordered properly to enhance the nonreciprocal phase shift caused by the magnetic grating in the central layer. These concepts are illustrated in Fig. 6 .
Numerical Results and Examples
The following discussion assumes two different media. A nonmagnetic medium with smaller refractive index 3 ) which can be properly doped to exhibit positive and negative Faraday rotation of equal magnitude (nondiagonal elements ¢ i· ). These assumptions are realistic, see Ref. [3] . Fig. 7 compares potential device lengthes of isolators based on radiatively coupled waveguides with identical refractive index profile. The values are estimated with the aid of (11) .
If the outer waveguides are made of two layers, the total length can be shortened by a factor of 10 as compared to magnetooptic single layer outer waveguides provided that I is choosen within the three mode regime. In the case of only two relevant modes, both propagation constants are shifted in the same way because of approximately equally large amplitudes in the outer waveguides. This is the reason for the poles in curve 2 of Fig. 7 . Such large variations vanish if the coupling layer is a magnetic grating. In the three mode regime, the device is half as long as compared to the double layer stuctures. It is further diminished by a factor of 3B 4 . These simulations must consider all guided modes of the coupler structure to give reliable results. Larger I improves the separation of the input and output waveguides, but the number of magnetic layers, hence the structuring effort, increases. The relevant propagation constants are more closely spaced, therefore coupling lengths increase and tolerance requirements for t and I become less strict. Also, additional modes contribute to the coupling process which results in larger transmission loss due to multimode interference. Table 1 presents three example parameter sets which correspond to well performing isolator devices. We have calculated the interference of all guided modes, indicated by the symbol alternating Faraday rotation. Fig. 8 illustrates light propagation in structure (i).
The three sample devices -which have been calculated and optimized with all guided modes -may be analyzed by the 'three closest mode' approximation as outlined in section 2. Conditions (10) and (5), (6) for good isolator performance are met, at least approximately, as demonstrated in Table 2 . The ratios of device to coupling lengths should be integer numbers (4, 4, 2, 5, 3, and 3 in our case). Likewise, the asymmetry parameters ¦ turn out to be close to fractions of two small integers (1/2, 0, 1, 0, 2/3, and 0). For comparison, a conventional nonreciprocal coupler (no central layer in Fig. 1 (5), (6) and (10) for good isolator performance according to the three mode approximation. See the text for further explanation. 
Rib waveguide concepts
Real integrated optical structures must guide the light in both transverse directions. Fig. 9 shows two possibilities how to exploit the advantages of radiatively coupled waveguides in three dimensions.
In (a) the multilayer structure proposed in section 3 is restricted laterally. The central strip and the second waveguide have been put onto the lower guide. To guarantee the required symmetry, the lower waveguide protrudes the substrate. In contrast to (a), structure (b) may be used as a circulator because the deviated light remains guided as well. (b) does not exploit the symmetry difference. The strongly different field amplitudes of the relevant mode functions in the coupling region and the outer waveguides cause nonreciprocal behaviour. Layers with opposite Faraday rotation would have to be realized side by side. However, it may turn out that isotropic outer waveguides in (b) allow sufficiently short devices as well.
Conclusions
Radiatively coupled waveguides offer an attractive alternative to the conventional two waveguide coupler. Cross-talk between the optical channels is low since they are spatially well separated. Simple conditions for complete power transfer are obtained for both the two-and the three-mode regimes. An effective circulator can be designed if the central region consists of a stack of magnetooptic layers with alternating Faraday rotation. The manufacturing of such structures requires additional technological effort, but the expected significant improvement of performance characteristics with respect to the conventional nonreciprocal coupler would well pay off.
